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,-\lls(rucl. Acromagnetic exploration is an important method of geophysical exploration. We study the compensation method
ol‘.\‘m\\'cd bird system and establish the towed bird interference model. Due to the low altitude of the helicopter, the
geomagnetic gradient changes greatly. so the geomagnetic gradient is considered in the towed bird interference model. In
this paper. we model the gradient of the geomagnetic field as vertical gradientand horizontal gradient components, analyze
the influence of the towed bird system on the compensation results under different motion modes, and apply the ridge
estimation method 1o solve the problem. We verify the feasibility of this compensation method through actual flight tests,

and further improve the data quality of the towed bird interference.

1 Introduction

Aeromagnetic exploration is an important means of geological research and material exploration (Nabighian et al., 2003).
Since the magnetic field generated by the ferromagnetic material and metal cutting geomagnetic field lines on the aircraft
platform will interfere with the magnetic detector, and then affect the quality of the aeromagnetic detection data, it is

necessary 1o carry out aeromagnetic compensation.

4 In 1950, Tolles and Lawson summarized three sources related to aircraft mancuvers: the permanent field, the induced field.

and the eddy current field (Tolles and Lawson, 1950). In 1961, Leliak summarized the work of Tolles and Lawson and
proposed a model of acromagnetic compensation called the Tolles Lawson (T-L) model (Leliak, 1961). As a linear solution,
the T-L model faces the problem of multicollinearity (Leach, 1979; Bickel, 1979). In 1979, (ﬁfcﬁ@anﬁ;&ed the
multicollinearity of the T-L model and proposed a small signal solving method to reduce the linear 1:eﬁiﬁ/t‘iﬂonship between
features (Bickel, 1979). In 1980, Leach used linear regression theory to study the T-L model and proposed a ridge regression
algorithm to solve the multicollinearity problem in the acromagnetic compensation model (Leach, 1980). In recent years, the
main methods to solve multicollinearity problems are the principal component analysis (Wu et al., 2018), the truncated
singular value decomposition (TSVD) (Gu et al., 2013; Deng et al., 2013), the multi-model compensation method (Zhao et
al., 2019), the wavelet analysis method (Deng et al., 2010; Dou et al., 2016), and the improved recuWes (Zhao
et al., 2017). The above methods are all based on linear models. In 1993, Williams proposec{/at'i/leural network nonlinear

model to solve acromagnetic interference (Williams, 1993), but this neural network mode} has an overfitting problem; on
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this basis. Ma Ming proposed the dual estimation compensation method of unscented Kalman filter. by introducing
measurement noise. suppresses the problem of neural network overfitting (Ma et al., 2017). The measured value of the
airbome magnetic sensor is the superposition of the geomagnetic field and interference field. which is usually separated by a
high pass filter (Jia et al.. 2004; Groom et al.. 2004: Dou et al.. 2016). However. due to the existence of a geomagnetic
gradient. the filter can not completely separate the geomagnetic field. Besides. the induced magnetic field component and
eddy current magnetic ficld component in the interference magnetic field is determined by the geomagnetic field. Therefore.
there is a strong coupling relationship between the geomagnetic field and magnetic interquence (Dou et al.. 2016)).

The traditional fixed-wing platform produces interference from the helicopter platfonn'. while the towed bird system is far
St ——— e _—_—

o

away from the helicopter. so the interference generated by the helicopter in the towed bird is small and can be ignored.
However. the measurement device and the electrified wire in the towed bird platform system will cause interference. so it is
necessary to compensate for the interference of the towed bird platform. Because the towed bird system is affected by
external factors. there are two modes of motion: large swing and small vibration. The geomagnetic gradient changes greatly
in the large swing mode, so the interference of the geomagnetic gradient on the towed bird is an important factor. In this
paper. based on the towed bird interference model. the geomagnetic gradient component is introduced and finally solved by

the ridge estimation method. Through the actual flight data verification, this method can improve the data quality of pod

interference. - rMe o g e Fheotle S

ressr e C

v

2 Experiment and data introduction

€1

Figure 1: Towed bird system
In the process of acromagnetic exploration, most methods use fixed-wing platforms to compensate. When the magnetic
sensor is located near the fuselage or even inside the fuselage. the structure and changes of the interfering magnetic field
generated by the aircrafl in flight are quite complicated. which will also cause a large acromagnetic interference (Xiu et al.,

2018). In order to reduce the acromagnetic interference. we used the helicopter towed bird method to conduct field test

measurements in the Zhanhe area of Wudalianchi City. northern Heilongjiang Province. The towed bird is connected with 7.+

)
14
the helicopter through a 30-meter long rope in Fig. 1. The interference generated by the helicopter in the towed bird is small,

2
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and the influence on the measurement data of the optical pump magnetomeler can be ignored. Because the ferromagnetic
material in the helicopter towed bird system will affeet the measurement data of the magnetic sensor, it is necessary to
compensate for the magnetic interference generated by the towed bird system. There are two kinds of motion modes in the
motion process of the towed bird platform: one is the large amplitude swing mode influenced by the helicopter motion, the
other is the small amplitude vibration mode influenced by the wind speed, and other factors in the swing process. Under the

7
measured data have interlered. The experiment uses an optical pump sensor to

e r—— RSN

joint action of the two motion modes. the
measure the total magnetic ficld strength, and also uses a three-component fluxgate and an inertial navigation system to

measure the attitude change of the pod. The sampling rate of the system is 10 Hz.
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Figure 3: Diamond line and data Iigure 4: Square line and data

\
The experiment included three {lights at the altitude of 1250m. The first time was a long straight flight. The purpose of the
experiment was to observe the distribution of the geomagnetic field in the experimental area and the intensity of magnetic

interference generated by the towed bird. Figure 2(a) shows the flight path, where the survey line direction corresponds to

e — o

the measured value in Fig. 2(b). The range of latitude variation in Fig. 2(a) shows that the towed bird system platform has a

(93]
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large swing range. and the measured value in Fig. 2(b) shows that the magnetic interference is about SnT. The second [Might
and the third Nights are diamond and square Might routes respeetively. In Fig. 3 the diamond data s used for the training ol
the acromagnetic compensation model, and in Fig. 4 the square data is used as the verification of the compensation effect of

the training model.

3 Compensation method
3.1 Towed bird model

\
80 The interference generated by the helicopter towed system and the fixed-wing helicopter platform is the interference

ecnerated by the magnetic sensor strap-down system platform. The kelicopler towed bird system interference is generated b
R ) R | g

the towed bird platform, and the fixed-wing interlerence is gencerated by the helicopter platform.

7
Sl
)
(¢
‘ /
Figure 5: The towed bird coordinate system
85 The establishment of the towed bird coordinate system is shown in Fig. 5, where T, L, and V are the three coordinate axes

of the towed bird coordinate system. The side of the selected towed bird system is the left side parallel to the T axis, and as

the positive direction, The selected lell side is the reference and rotated 90° clockwise and parallel to the L axis, and as the

positive direction, the helicopter of the vertical towed bird is the V axis, and downward is the positive direction. XY and Z

are the angles between the three coordinate axes of the towed bird and the geomagnetic field, called Euler angles, where 6,
90 are the geomagnetic declination and the geomagnetic inclination, respectively.

Euler angles X,Y,Z can be measured by a three-axis magnetometer, and are redefined as follows:

1y = cos (X)
u, = cos (¥) (D
U3 = cos (Z)

Uy, Uy U represents the direction cosine of the Euler angle.
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The magnetic ficld generated by the towed bird system platform can be divided into three categories: permanent magnetic
95 field, induced magnetic field, and eddy current magnetic field. Refer to the T-L model and establish the towed bird

interference platform model as follows:

hy = Xquy 4 X1 + Xyt + X2 4 X5, + Xl Uy + XUty + Xl + XUy (uy) + xq0u; (uy) +

P
) CL - \ ; . b 7 Al .
’,‘> X114 (llg) + .\12“2(1(1) +.\]gll2(u;;) + XMU.:;(IH) + x'lgll:;(uz) +X1(,U3(U3)/ r . /‘,J)J (2)
. S N Mactt ! 0 . i oiegs
h; is acromagnetic mlcrlcrcncc“.\'i,l =1,2,3..16 is the acromagnetic interlerence parameter, Uy Uy Uy 1S the derivative of
Euler angle cosine to time.
100 Further expressed as: 1< m'\[ll,, Y| } l{ % '\) %
hy=u-x l (3)
T R \ N
:7 Where X = [X; X X3.0Xp6)' 18 the acromagnetic interference parameter, and Ju ={uy Uy Uz.ens u3;(uz) 1% is the

aeromagnetic interference feature,
The measured value h can be expressed by the linear superposition of the geomagnetic field and aeromagnetic interference

105 as:
h=H,+h =H,+u-x 4)

3.2 Error analysis and improvement

The above analysis of the towed bird model shows that the aeromagnetic measurement value is a linear superposition of the
geomagnetic field and the aeromagnetic interference. Traditional aeromagnetic compensation usually uses a 0.1-0.6Hz
110 bandpass filter to obtain the aeromagnetic interference value [3]. bpf(R) is expressed as linear bandpzllrss filtering for each
column of matrix R. applying bpf to both ends of formula (4), we can get the following rcsulai » :
-7 bpf(h) = bpf(H. + bpf(u-x)) = bpf(H.) + bpf(w) - x 5)
When bpf(H,) =0, then:

bpf(h) = bpf(u) - x (6)
115 The data processed by the bandpass [ilter are recorded as hy,uy. Let bpf(h) = hy,bpf(u) = uy. Then (6) can be expressed
as:
. [— % ". Y
hyp=wp-x N ot (7N
. . NN
Applying the least-squares to the previous test to solve: P \\" vy
= lu)uThy = uth, . e Nl W

x= (u’.u,) u/.h, urh, o f el AT e o (8)

120 Where (u'r"ur)'lu'l!' is the generalized inverse of the matrix Uy, denoted as u;". [ | '

74
By analyzing the influence of the singular value of the system matrix u; on the least-squares solution, the singular value

decomposition (SVD) of the filtered feature matrix u; is obtained:

ur =ﬂ§lr =Y UgiOaiVa; )

\ 1

-
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thu the matrix u, is N X 16 matrix. U and Vare N X N,16 X 16 orthogonal matrix. S is :(V 16 diagonal matrix. g,; is

) {“g is thelin o : ‘, ’
125 the il ingular value and has 0,4, > Opzen 2 Opps Uy is thelith column veetor of matrix U vy is lhc({th; column vector of

S

matrix V, e
Then. the least-squares solution (8) can be expressed as follows: . !

,\':}J‘" —tJ——“ i Vi & ‘ e\ o\ (10)

= (A

It can be obtained from the above formula that the system matrix uy contains very small singular values, the slight error in

130 the matrix h; will be magnified. Beeause the helicopter towed bird system has a large change r-;mgc. the geomagnetic

gradient component will be introduced, which will cause the geomagnetic field [requency and the acromagnetic interference

frequency to be mixed and superimposed. resulting in the presence of a geomagnetic ficld component in the filtered
acromagnetic interference hy, which leads to a large error in the solution,

From the above analysis, it can be known Ahat the existence of the geomagnetic gradient will affect the compensation

135 result of the towed bird interference. According to the two- dimensional * ‘lylor model of the geomagnetic Feld the

horizontal geomagnetic field i is expressed as a function of |.lllllld(. and longitude y(deson and Newitt, ]977) .
S B ' p i
® - D - (H‘)hm':zn 02 0 nk (a_aO)n c(:y_.’yO)C / Ty (11)
8 !

"Where (H,)por is the horizontal geomagnetic ﬁcld o and y, are lhe latitude and longitude of the initial posmon Coe 1S @

constant. and N 1s the truncation order.

140 The filtered horizontal geomagnetic field obtained through band-pass filter processing is as follows:

bpf((He)nor) = bpf( Zﬁzo ZZ:Q Cuie (@ — ao)n—k(y - }’o)k) (12)

The Taylor model only considers the relationship between latitude and longitude and the geomagnetic field and does not

N\ —
consider the impact of altitude changes on the geomagnetic field. Since the helicopter's flying height is 1500) m-‘r.;g, it is
(et
considered that the vertical geomagnetic field gradient is proportional to the helicopter's flying height. Assummo that the

145 scale factor of the vertical gradient component of the geomagnetic field is c, the filtered vertical gradient component can be

expressed as follows:
bpf((He)ver) = bof(c(z — 2o)) = cbpf(2) (13)
Where bpf((H,)yer) is the filtered vertical geomagnetic field gradient value, z, is the height of the starting position of the

towed bird. and z is the height of the towed bird during flight. Then the geomagnetic field passing through the band-pass

150  filter can be further expressed as follows:

bpf(H.) = bpf(En-g Tico Snic (@ = a0)"™(y = yo)*) + chpf (2) (14

When the truncation order N of the local magnetic field is different, the expression of the two-dimensional Taylor model
e

of the geomagnetic field is different, which will affect the final compensation result. L 3 J g0 -
Next, the truncation order N=1,2,3,4 is sorted as follows through the bandpass filter: \o™? \/t .
L il 4
155 N=1 bpf((Ho)nor1) = c10bpf(a) + c11bpf (¥) A

-

M
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N=2 bpf((Hednorz) = c10bpf(@) + c11bpf () + c20bpf (@?) + coabpf(Y?) + ca1bpf(ay)
N=3 bpf((Hc)l;or'3) = c10bpf (@) + c11bpf (¥) + coobpf(a?) + c21bpf(ay) + cabpf(y*) + caobpf(@®)+
c31bpf(ay) + c3bpf(ay®) + caabpf (%)
N=4 " bpf((Hnors) = crobpf(@) + 1 bpf(y) + caobpf(a®) + caybpf(ay) + cubpf(/2) + caobpf(@®)+
160 c31bpf(a®y) + c32bpf(ay®) + cazbpf (™) + crobpf(a') + cybpf(a'y) + cybpf(a®y?) + cyabpf(ay*)reaabpf ()
\d«‘*\\\ | By Mmo lonnula(L_Dmlo formula (5), we can get the following results:
) pF(R) = bpf (He + bpf () = bpf () + bpf () x = bpf({H. ) Jio) +cbpf() +bpf)x  (15)
bpf((He)nor) can bring in different results according to different values of N in cquation (14), and finally combine the

o

towed bird model with the geomagnetic ficld model, and the inal expression is as follows:

165 pelbor ™ bpf(h) = bpf (up)x, (16)
Where 1, = [u,z,a,) %X = [X,6,610.C17, €200 Uy and X, have different expressions according to the value of N. For
e — Lo \lar v e

example, when N=1, uy = [u,z,a,y], Xy = [X,6,610,C11] 0

Because the geomagnetic ficld component is introduced into the T-L model, the model will further have the problem of

complex collinearity. Therefore, the ridge estimation method is introduced to solve the problem. The ridge estimation

170  solution formula is as follows:
Xy = argmin (||bpf(h) — bpf (ug)x,l|* + Al|x,|%) (17)
Xp

Among them, Xy is the parameter estimation value under the ridge estimation, and X is the regularization factor.

3.3 Evaluation standard of compensation quality

The traditional aeromagnetic compensation quality evaluation standard uses a standard deviation improvement ratio to

175 evaluate:

IR = 2L S (18)

“(!['Ix'( )
Opefore and Oyper respectively are the standard deviation of the data before and after compensation. Because the standard

—/ deviation data includes not only acromagnetic interference data but also geomagnetic gradient data. Assuming that the

—

aeromagnetic interference and the gcomagnetic field can be linearly superimposed, then:
1

"beluru+"i‘z'/'or:'
180 IR=—F——F— (19)

1 E
af {rr+au/'lt'r

a;efmand Ua/! are the standard deviations of the aeromagnetic interference before and afler compensation, o . and |

befor

|
|
05 frer ATC the standard deviations of the geomagnetic field before and after compensation. However, the data used in this E

paper is towed bird data. Because of the small acromagnetic interference generated by the bird, the geomagnetic gradient is J

larger and the geomagnetic gradient changes little before and after compensation.

185 o! Kot o, «of of =~ gf (20)

before before after after” "~ before after

7
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Therelore:

! 1 I
IR = nl»;/nr‘{'+”lzlrfnr/' - nl;;'[nrr =1 (2])
"n/lr-ri»"n/lrr ”rl/lrr .

5D~ i .
Therefore, the data before and after compensation is filtered by a higl{ filter, and the cut-off frequency is 0.03 Hz. Then

there are: L
o w0 4y

Iu'_/nrr'

IRy gy = P (22)

after

The paper takes 1R gz as the evaluation index of the compensation resull.,

\& Wbt )

4 Result 1 analvsis G \\‘,,\.\
esults and analysis 2 \\'\\ < }‘

According to the above analysis, when the truncation order of the two-dimensional Taylor model of the local magnetic 5
field is N = 0,1,2,3,4, the ridge estimation method are used to solve the formula (17), and the standard

deviation improvement ratio (IR) of formula (22) is used to evaluate the results of aeromagnetic

compensation.

Ridge — S

1.48 Q= of T
1.46

1. 44 4

IR

1.42

1,40 A

1.38 |

Truncation order:N

Figure 6: Improved ratio (IR)
Figure 6 shows the standard deviation improvement ratio of applying the ridge estimation method when the truncation

order N is 0,1,2,3,4 respectively. The paper selects the truncation order of the two-dimensional Taylor of the geomagnetic

field. When N = 0, the compensation result is less than the standard deviation improvement ratio when N is 1, but when N is

——

1, it is less than the standard deviation when N is 2 and 3. The i[ﬁp«rovement ratio shows that the linear function of the
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geomagnelic gradient cannot truly reflect the geomagnetic ficld component. When N is 4, it will be slightly lower. than the

standard deviation improvement ratio \vmn N is 3. When the truncation order is greater than 3, the multicollinearity of the

205  model will be increased, Icadmg {o the introduction of errors in the solution process, s0 choosing a suitable truncation order

is very important for model solving. When N is 3, the ridge estimation method is used to solve the problem, and the final

compensation result is the best, and the standard deviation improvement is 6% higher than that of the compensation effect
without the introduction of the geomagnetic gradient. .

Figure 7 shows the comparison of the standard deviation and improvement ratio of the towed bird compensation 1n

210  different directions. Figure 8 shows (he comparison of the originai measurement value and the compensation result when

N=1.3. It can be seen from Fig. 7 and Fig. 8 that when the helicopter flies in the south and west directions, the standard

- deviation i is large. the swing of the towed bird is small, and the interference is mainly caused by the vibration mode of the i Lo s

towed bird. Therefore, when the geomagnetic gradient is introduced into the compensation, the result is only shohtly better
than the model when N = 1. When the helicopter is heading rorth, the towed bird platform is affected by large swings and
215 vibration cffects. resulting in greater acromagnetic interference, and is greatly affected by the geomagnetic gradient.

~
Introducing the geomagnetic gradient into the towed bird interference model will Be greatly 1mproved and IR will be

EE N=0 [ | = N=3 l\ o, &7
Ce""1 7 ) B
now N 7 ;)",
Sl N\
,mu’ = ﬁ‘!m 254 247 \ ) \
p tias F ck(‘-“
N 124 [ {f )
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Figure 7: Comparison of compensation results of N = 0,1,3 in different directions :
(a) standard deviation (STD), and (b) improvement ratio (IR).
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Figure 8 The oviginal value is compared with the result after N = 1,3 compensation
improved 1o 2.47. When the helicopter is heading casl, the interference is mainly caused by the swing mode of the towed
bird. the standard deviation interference is small, and it is greatly affected by the geomagnetic gradient, and the R is

increased 1o 2,735,

5 Conclusion

The paper analyzes the two movement modes of the towed bird system during the movement process, considers the
influence of the changing geomagnetic gradient on the results of magnetic interference compensation, introduces the
changed geomagnetic gradient into (he interference model, and deduce the parameter estimation and correction of
geomagnetic gradient on the model. The paper solves the influence of changing geomagnetic gradient on the compensation
results under the towed bird system, and further expands the towed bird interference model. When the towed bird system is
subject to large swings and vibrations in the heading, this method can improve the data quality of acromagnetic interference,

the experimental results show that the improvement ratio has increased by 6%. Next, we will use this compensation method
to improve the data quality ol ncrmni@idit .;m;\}cys and use the helicopter towed bird system to detect underground

magnelic targets.
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